ABSTRACT A study was conducted to evaluate the effects of increased levels of a β-xylanase on energy and nutrient utilization of broiler chickens fed corn-soy diets. A total of 480 slow feathering Cobb × Cobb 500 male broilers were randomly distributed to 10 treatments having 8 replicates of 6 birds each. Birds were fed a common starter diet to d 14 post hatch (3,050 kcal/kg AME n , 21.7% CP, 1.05% Ca, and 0.53% nPP). The experimental diets were provided afterwards until 25 d. Two experimental diets, a conventional corn/soybased basal diet (CS) and the basal diet in which 40% of the diet was displaced by corn (CN), were fed asis or supplemented with 50, 100, 150, or 200 fungal β-xylanase units (FXU)/kg. Dietary treatments were distributed factorially as a 2 × 5 arrangement. Samples of feed, excreta, and ileal digesta were analyzed for determination of ileal digestible energy (IDE), metabolizable energy, and total tract retention of protein and lipid. No interactions between diet and xylanase were observed. The CS diets had higher (P < 0.05) energy utilization and nutrient digestibility when compared to the CN diets. AME n and IDE were improved (P < 0.05) by 192 and 145 kcal/kg, respectively, when diets were supplemented with 100 FXU/kg xylanase. The xylanase added to the CN diet led to quadratic increases (P < 0.05) in IDE (Y = − 0.014x 2 + 2.570x + 3,155; r 2 = 0.60) and in AME n (Y = − 0.016x 2 + 3.982x + 3,155; r 2 = 0.68). Crude protein digestibility and AME n were linearly increased (P < 0.05) when xylanase was added to the CN diet. In conclusion, energy utilization and digestibility of crude protein and dry matter increased with xylanase supplementation in corn/soy-based diets. When xylanase was tested in the CS diet, 92 and 124 FXU/kg maximized the energy release effect; however, the maximum energy response in the CN diet or corn was not achieved until 200 FXU/kg.
INTRODUCTION
Corn and soybean meal (SBM) are incumbent ingredients used in the majority of commercial poultry diets worldwide and contain varying levels of nonstarch polysaccharides (NSP). Non-starch polysaccharides are carbohydrates that can interfere with nutrient utilization by poultry (Bach Knudsen, 1997; Caffall and Mohnen, 2009) . This is in part because nutrients such as starch, fat, and protein are trapped within the insoluble cell wall matrix, which acts as a physical barrier that limits access for the endogenous enzyme array (Theander et al., 1989; Slominski et al., 1993) . Soluble fiber also can form viscous gels within the gut and slow digestion and feed passage rate (Bedford et al., 1991) .
The concentration of NSP in corn and SBM ranges from 6.8 to 9.4% and 17 to 30%, respectively (Smits and Annison, 1996; Choct, 1997; Kocher et al., 2003) .
The total amount of arabinoxylan is variable among ingredients but has been reported to be around 5.2% in corn (Choct, 1997) and 3.3% in SBM (Back Knudsen, 1997) . Carbohydrate composition is also important to determine energy and nutrient utilization of ingredients for broilers. Thus, different substitution methods have been described to determine energy and nutrient digestibility of cereals and by-products. These methods use either one substitution level of a tested ingredient or multiple substitution inclusions by the regression method (Matterson et al., 1965; Villamide, 1996; Adeola, 2001; Adeola et al., 2010) .
Adding exogenous enzymes targeting insoluble and soluble fibers may facilitate the release of nutrients encapsulated in cell walls or incorporated into the cell wall itself, resulting in improved access for digestive enzymes (Cowieson, 2005) . Exogenous xylanases may hydrolyze cell wall arabinoxylans, improving the access of endogenous enzymes to cell contents (Meng et al., 2005; Francesch and Geraert, 2009 ) and decrease endogenous amino acid (AA) losses, particularly through changes on pancreatic amylase and mucin 1 secretion (Jiang et al., 2008; Cowieson and Bedford, 2009) .
Improvements in broiler performance are often associated with increased nutrient digestibility and energy utilization (Olukosi et al., 2008) . Accurate estimations of improvements in energy digestibility due to exogenous xylanase is relevant to account for the effects of these enzymes in diet formulation according to the inclusion of different ingredients. This is important also because the efficiency of energy utilization from NSP is lower than the efficiency of use of energy from fat, starch, or protein for growth, though NSP digestibility does contribute to the measured metabolizable energy in response to xylanase supplementation in some diets or ages in broiler chickens (Savory, 1992; Chwalibog, 2002) .
Xylo-oligosaccharides released during the degradation of NSP by exogenous xylanase in the small intestine are fermented by the intestinal microbiota and the end products (various volatile fatty acids) are subsequently used as energy yielding substrates for broilers (Choct et al., 1996) . As suggested by Cowieson and O'Neill (2013) , the fatty acids have some energetic value for the host animal but perhaps more importantly, the lower pH may restrain the proliferation of putrefactive organisms, encourage the proliferation of enterocytes, and may directly mediate gastric emptying, perhaps via the same infrastructure involved in the ileal brake mechanism. Additionally, if the micro biome has a central role in the effect of exogenous xylanase, it is possible that these mechanisms will be cumulative as the microflora adapt to substrate provision.
Though there are several reports in the literature on the efficacy of xylanase (or xylanase-based enzyme admixtures) on the nutritional value of cornbased diets, there are rather few that explore the relative effect on corn and SBM independently. More studies are therefore needed to evaluate if xylanase acts specifically on corn fiber or on arabinoxylancontaining carbohydrates in SBM. Furthermore, while SBM contains very low concentrations of arabinoxylan, it is possible that hydrolysis of arabinoxylan in corn would indirectly influence the digestibility of SBM via gross changes to intestinal pH, passage rate, and so on.
The objective of the present study was to evaluate the effects of various concentrations of an exogenous β-xylanase on energy utilization and nutrient digestibility of corn-SBM-based diets for broiler chickens. These effects were assessed both in a conventional cornsoybean meal diet and in a diet in which 40% of this diet was displaced with corn to allow estimation of the interactive effects of xylanase and diet proportionality. The displacement of the corn/soy diet with pure corn facilitated extrapolation to evaluate corn independently from the rest of the diet in order to explore the possibility that xylanase efficacy may be influenced by diet composition.
MATERIALS AND METHODS
All procedures used in this study were approved by the Ethics and Research Committee of the Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.
Birds and Experimental Diets
A total of 480 one-day-old, slow-feathering Cobb × Cobb 500 male broiler chicks, vaccinated for Marek's disease at the hatchery, with an average BW of 48 g were randomly placed into 80 wire battery cages (0.9 × 0.4 m 2 ). Each cage was equipped with one feeder and one drinker. Birds had ad libitum access to water and mash feeds. Average temperature was 32
• C at placement and was reduced by 1 o C every 2 d until 23 o C to provide comfort throughout the study. Lighting was continuous until d 25 post hatch.
Birds were allocated to 10 experimental diets with 8 replications of 6 birds each in a completely randomized design. A standard corn-SBM-based broiler starter diet was fed from one to 14 d (3,050 kcal/kg AME n , 21.7% CP, 1.05% Ca, and 0.53% non-phytate P). From 14 to 25 d, broilers were fed 2 basal diets, an industrystandard corn-soybean meal basal diet (CS) or the same basal diet in which 40% of the diet was displaced with corn (CN) as presented in Table 1 . Both basal diets were supplemented with 0, 50, 100, 150, and 200 fungal β-xylanase units (FXU)/kg [Ronozyme WX (CT); Novozymes A/S, Bagsvaerd, Denmark]. A 2 × 5 factorial arrangement of 2 control diets and 5 xylanase supplements was used. The xylanase was a granulated heat-stable endo-xylanase from Thermomyces lanuginosus produced by submerged fermentation of a genetically modified Aspergillus oryzae microorganism containing 1,000 FXU/g. One FXU is the amount of endo-1,4-β-xylanase, which liberates 7.8 micromoles of reducing sugars (xylose equivalents) per min from azo-wheat arabinoxylans at pH 6.0 and 50 o C. The CS diet had 1% Celite as indigestible marker (Celite, Celite Corp., Lompoc, CA).
Experimental Procedures
Excreta were collected twice daily on wax paper from 21 to 24 d being immediately mixed and pooled by cage and stored at −20 o C until analysis. Previous to calorimetry, excreta were dried in a forced-air oven at 55 o C (DeLeo, Porto Alegre, Brazil) and ground to pass a 0.5-mm screen. Ileal digesta were collected from all birds at 25 d after euthanasia by electrical stunning using 45 V for 3 s. Ileal digesta were collected from a section of intestine between Meckel's diverticulum to approximately 2 cm cranial to the ileo-cecal junction. Digesta were flushed with distilled water into plastic containers, pooled by cage, immediately frozen in liquid nitrogen, and stored in a freezer at −20 o C (Rostagno et al., 2011). until lyophilized (Christ Alpha 2-4 LD Freeze Dryer, Newtown, UK).
Chemical Analysis and Calculations
Diet and freeze-dried samples of ileal digesta were ground to pass a 0.5-mm screen in a grinder (Tecnal, TE-631/2, São Paulo, Brazil). Dry matter (DM) analysis of samples was performed after oven drying the samples at 105 o C for 16 h (method 934.01; AOAC International, 2006). Ileal digesta, excreta, and diet samples were analyzed for gross energy using a calorimeter calibrated with benzoic acid as a standard (IKA Werke, Parr Instruments, Staufen, Germany). Calculations of ileal digestible energy (IDE) and AME n were done afterwards. Crude protein (N × 6.25) was determined by the combustion method (method 968.06; AOAC International, 2006). The calculated AME was corrected to zero N retention (AME n ) using a factor of 8.22 kcal/g (Hill and Anderson, 1958) . Acid insoluble ash concentration in the diets, excreta, and ileum samples was determined using the method described by Vogtmann et al. (1975) , and Choct and Annison (1992) . Ether extract (EE) in the diets and excreta samples was determined by extracting in petroleum ether using a Soxhlet apparatus for approximately 8 h (method 934.01; AOAC International, 2000) .
Energy utilization and nutrient digestibility of corn were calculated by the substitution method described by Matterson et al. (1965) and Sakomura and Rostagno (2007) . In this method, a corn-soybean meal-based diet was used as the reference diet, and the test diet was the diet in which corn (40%) was used to dilute this reference diet. This substitution method allowed the determination of nutrient digestibility of a tested ingredient that was used to displace the reference diet. Calculations were used to determine the digestibility of the corn-soy-based diet and corn-based diet, and then extrapolated to 100% corn.
Apparent ileal digestibility, total tract utilization, and AME n were calculated using the following equations (Kong and Adeola, 2014) : 
Statistical Analysis
The experimental design was a completely randomized factorial arrangement of 2 control diets (CS or CN) and 5 xylanase supplementations. Data were submitted to a 2-way ANOVA using the GLM procedure of SAS Institute (SAS Institute, 2009). Significance was accepted at P < 0.05. Linear and quadratic regression equations were estimated with the increased levels of β-xylanase supplementation on corn-soy-based diet, cornbased diet, and corn. A regression analysis also was conducted with data in which corn values were extrapolated according to increasing levels of xylanase.
RESULTS AND DISCUSSION
The corn used in this study was analyzed to contain 88.6% DM, 3,776 kcal of GE/kg, 8.1% CP/kg, 0.94% crude fiber, 3.55% EE, 0.04% Ca, and 0.25% of total P. Analysis of β-xylanase in the experimental diets showed that the supplemental xylanase had in-feed activity in agreement with the expected values ( Table 2) . Nutrient digestibility and energy values of the CS diet, CN diet, and extrapolated values for pure corn are shown in Tables 3 and 4 . Ileal digestible energy was 3,278, 3,201, and 3,132 kcal/kg, for CS, CN, and corn, respectively. When diet effect was evaluated, CS diets had higher (P < 0.01) AME, IDE, and EE and CP digestibilities compared to the CN diet. Differences in AME and ileal digestibility of CP were found between CS and CN diets (P < 0.01) with values, respectively, of 3,544 kcal/kg and 69.3% for CS and 3,432 kcal/kg and 62.2% for CN.
An explanation regarding the highest energy and nutrient utilization observed when broilers were fed a complete diet compared to the corn-based diet may be related to supplying all required nutrients in the CS diet in contrast with an imbalance in the CN diets. Based on calculated composition of the corn-based diet, most nutrients including calcium, phosphorus, amino acids and electrolyte balance were poorly balanced, and this may have affected the digestion process, absorption of nutrients, and gastrointestinal (GI) flow (Cowieson and Bedford, 2009 ). The extrapolated calculation for corn allowed estimation of energy values, DM, CP and EE digestibilities of corn for broilers. Digestibility of CP and EE of corn without xylanase were 63.5 and 83.4%, respectively. The IDE, AME, and AME n values of corn were 3,132, 3,366, and 3,178 kcal/kg, respectively, which compares well with the 3,381 kcal/kg AME reported by Rostagno et al. (2011) , 3,340 kcal/kg AME in Lopez and Leeson (2008) , and 3,3500 kcal/kg AME n in NRC (1994) . Energy utilization of corn may be influenced by the substitution method (Matterson et al., 1965; Adeola, 2001; Sakomura and Rostagno, 2007; Kong and Adeola, 2014) , because the CN diet was imbalanced. However, the main objective of this study was to evaluate the effects of various concentrations of an exogenous β-xylanase in diets with different corn proportions and considering 100% corn.
Evaluation of the effects of xylanase supplementation on CS diets, CN diets, and corn was another objective of this study. The effects of dietary treatments on total tract retention and ileal digestibility of nutrients by broilers are presented in Tables 3 and 4 and showed no interactions between diet and xylanase. In the present study, AME n and IDE were improved (P < 0.05) by 192 and 145 kcal/kg, respectively, when diets were supplemented with 100 FXU/kg xylanase. Xylanase Table 3 . Apparent ileal digestibility and total tract retention responses of broilers fed corn-soy-based diets and corn-based diets supplemented with β-xylanase (on DM basis). supplementations provided an increase in all evaluated parameters when compared to the diet without xylanase (P < 0.05).
In the present study, xylanase supplementation at 100 FXU/kg in the corn-soy diet provided an increase (P < 0.05) of 145 kcal/kg, 5%, and 2.6% on IDE, CP digestibility, and EE digestibility, respectively, when compared to the diet without xylanase. This response is in agreement with findings by Kalmendal and Tauson (2012) who used the same enzyme product and observed an increase of 114 kcal/kg in AME n when 34-day-old chickens were fed diets supplemented with 200 FXU/kg. Cowieson et al. (2010) also observed an increase of 100 kcal/kg in IDE after supplementing cornsoy diets with xylanase (8,000 β-xylanase units/kg) in 21-day-old broilers.
Regression equations of increased β-xylanase supplementation on total tract retention and ileal digestibility of CS diets, CN diets, and corn for broilers are shown in Table 5 . Xylanase added to the CS diet resulted in quadratic increases (P < 0.05) for IDE, AME, AME n , and CP digestibility. A maximum AME n and IDE release was obtained with 92 and 124 FXU/kg, respectively. A maximum CP digestibility was obtained with 122 FXU/kg corresponding to 71%. However, xylanase supplementation to the CN diet led to linear increases (P < 0.05) in DM digestibility, AME n , CP digestibility, and EE digestibility. Energy values and digestibility of Table 5 . Regression equations of apparent ileal digestibility and total tract retention of nutrients and energy of corn-soybased diets, corn-based diets, and corn supplemented with β-xylanase. CP and EE increased linearly (P < 0.05) with xylanase supplementation, and a maximum energy release was not achieved until 200 FXU/kg when broilers were fed corn-based diets. As reported by Choct (1997) and Back Knudsen (1997) the total amount of arabinoxylans is variable among ingredients, and it was reported as 5.2% in corn and 3.3% in SBM. Then, based on corn and SBM inclusion, the amount of arabinoxylans was 4.0% in the CS diet and 4.5% in the CN diet. Regression analysis of data using the calculation extrapolated for corn suggested no significant effects on digestibility of DM when xylanase was used. However, energy values and digestibility of CP and EE of corn supplemented with xylanase increased linearly (P < 0.05).
As Table 5 shows, it seems that the improvement in energy from the CN diet with xylanase supplementation may be masked when the energy value of an ingredient is high. We also could observe based on linear equations that the amount of xylanase needed to improve digestibility and energy responses was higher in CS diets compared to CN diets. Also, there is a more optimal ME:AA ratio in the CS diet. Adding xylanase to the CN diet would only compound this problem by increasing metabolizable energy/digestible energy further while the diet under-supplies AA. Additionally, there may be more room for improvement in the digestibility of energy in SBM than for corn. Perhaps displacing SBM with corn resulted in a reduction in the opportunity for energy digestibility improvement. Horvatovic et al. (2015) reported that the supplementation of diets with xylanase increased diet digestibility possibly because it promoted an increase in the activity of endogenous enzymes by increasing the availability of substrates. Xylanase increases access of encapsulated nutrients to endogenous enzymes due to disruption of cell wall arabinoxylans and establishes more beneficial bacterial in the lower GI tract through the production of xylo-oligomers (Kocher et al., 2003; Meng et al., 2005; Francesch and Geraert, 2009; O'Neill et al., 2012) . Supplemental xylanase increased nutrient digestibility and also was shown to increase volatile fatty acid concentration linked to the increased flow of fermentable xylo-oligomers into the ceca (Choct et al., 1996) . Furthermore, exogenous xylanases also have been related to increased nutrient digestibility via reduction in digesta viscosity and cell wall integrity, generating fermentable disaccharides and low-molecular weight polysaccharides and oligosaccharides; improving protein solubility; and decreasing endogenous losses and overcoming anti-nutritional factors (Cowieson and Ravindran, 2008) .
The reason for the observed increase in energy utilization using xylanase may be associated with increased utilization of starch and fat from corn; protein from corn and soybean; and other carbohydrates from dietary components (Batal and Parsons, 2002) . Broiler chickens fed diets that are essentially adequate in all nutrients often still respond to exogenous enzyme addition , suggesting that enzyme benefits may result from changes in less tangible metrics such as appetite control, digestive physiology, immunology, or microbiology. However, if the diet is not able to provide balanced nutrients composition, energy utilization and nutrient digestibility can be affected (Bao et al., 2013) .
In conclusion, the substitution method used in this study showed that AME n , IDE, crude protein, and ether extract digestibility was higher in broilers fed a complete corn-soy-based diet than an "artificial" cornbased ration. However, the digestibility of CP and energy of corn-soy-based diets, corn-based diets, and corn increased with xylanase supplementation. When β-xylanase was tested in a corn-soy-based diet, 92 FXU/kg and 124 FXU/kg maximized its IDE and AME n release effect; however, this maximum energy response in the corn-based diet or 100% corn was not achieved until 200 FXU/kg.
